A procedure for fabricating flexible forms of high electron mobility transistors ͑HEMTs͒ supported on plastic substrates is described. The process uses a combination of conventional top-down, wafer scale fabrication protocols to define a printable form of ultrathin, device quality multilayer AlGaN / GaN single crystalline microstructures-a so-called microstructured semiconductor inkand soft-lithographic printing methods to effect their registered transfer to a plastic substrate. These procedures yield high performance, bendable HEMT arrays that are mechanically durable-ones with effective transconductances exceeding nearly all reported forms of printed thin-film transistors. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2349837͔
Technologies for flexible, large area electronics are progressing rapidly, with several leading consumer and military applications expected to be commercialized in the near term future. 1 Microelectronic circuits are critical components of these systems and methods of fabrication-especially printing-will likely be needed to manufacture them at low cost. 2 For this reason considerable attention has been given to printable forms of semiconductors, and both organic ͑e.g., pentacene, polythiophenes, etc.͒ 3, 4 and inorganic ͑such as polysilicon, inorganic nanowires, metal chalcogenide, etc.͒ 5-8 materials have been examined. The current range of application, however, is limited by the performance of devices made from these semiconductors. [2] [3] [4] [5] [6] [7] [8] We recently reported a form of printable inorganic semiconductor, so-called microstructured semiconductors ͑s-Sc's͒, that enables the fabrication of high performance devices on both conventional and organic polymer substrates. [9] [10] [11] [12] [13] This approach exploits both the high quality and commodity nature of wafer scale semiconductors while rendering them amenable to printing-based methods of fabrication. Among these materials, single crystalline s-GaN is of great interest as it has superior properties that include a wide band gap ͑3.4 vs 1.4 eV of GaAs͒, high breakdown field ͑3 vs 0.4 MV cm -1 of GaAs͒, high saturation carrier velocity 2.5ϫ 10 7 vs 10 7 cm s -1 of GaAs, and good thermal conductivity ͑1.3 vs 0.5 W cm -1 of GaAs͒. 14 Integration of this III-V materials in the form of AlGaN / GaN heterostructures is of particular interest as it enables the fabrication of a specific quantum device, so-called high electron mobility transistors ͑HEMTs͒.
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The high performance of HEMTs arises as a consequence of the conducting channel formed by a two-dimensional electron gas ͑2DEG͒ at the heterostructure interface, where electrons move unaffected by impurity scattering. 18 These attractive properties make GaN a suitable material for realizing the high-frequency and high-power electronic devices required for wireless communicaion, full color light emitting devices, and UV photodetectors for optoelectronic systems. 15 In this letter, we describe the fabrication of flexible heterostructure AlGaN / GaN HEMTs on plastic sheets. This work provides the description of procedures for integrating high performance HEMT devices based on heterostructure III-V semiconductor materials onto flexible plastic substrates. Figure 1 illustrates schematically the steps used to fabricate the HEMT devices using a commercial wafer source for the III-V heterostructure semiconductors ͑Nitronex, 18 nm undoped AlGaN, 0.6 m undoped GaN layer, and 0.6 m AlN transition layer͒. The process starts with the formation of e-beam evaporated Ohmic contacts ͑Ti/Al/Mo/ Au, 15/60/35/50 nm from bottom to top͒ on the bulk GaN heterostructure wafer using a standard sequence of photolithographic lift-off steps ͓AZ 5214 photoresist, Fig. 1͑a͔͒ . 20 In order to achieve low contact resistances, a pretreatment of the Ohmic contac area using a SiCl 4 plasma in a reactive ion electing ͑RIE͒ system was performed prior to the metallization step. 21 After annealing the contacts at 850°C for 30 s in a rapid thermal annealing system ͑N 2 ambient͒, a layer of 400 nm SiO 2 formed by plasma enhanced chemical vapor deposition ͓PECVD, Plasmatherm, 900 mTorr, 350 SCCM 2% SiH 4 /He ͑SCCM denotes cubic centimeters per minute at STP͒, 795 SCCM NO 2 , 250°C͔ and a thin film of Cr ͑e-beam evaporator, 150 nm͒ were then deposited to serve as a mask for subsequent dry etching. Photolithography and etching of the Cr ͑Cyantek Cr etchant͒ and PECVD oxide ͑RIE, 50 mTorr, 40 SCCM CF 4 , 100 W, 14 min͒ defined the geometries desired for GaN ribbons that would serve as a solid ink for a subsequent soft-lithographic printing step ͓Fig. 1͑b͔͒. After striping the top photoresist, an inductively coupled a͒ Author to whom correspondence should be addressed; electronic mail: r-nuzzo@uiuc.edu plasma ͑ICP͒ dry etching process ͑3.2 mTorr, 15 SCCM Cl 2 , 5 sccm Ar, -100 V bias, 14 min͒ was used to remove the exposed GaN and to etch slightly into the Si ͑ϳ1.5 m͒ to facilitate the subsequent anisotropic etching ͓Fig. 1͑c͔͒. The Cr layer was removed by this ICP etching step, but left the thicker PECVD oxide layer essentially intact on top of the GaN. Anisotropic wet etching with tetramethyl ammonium hydroxide ͓TMAH, Aldrich, 160°C for 5 min, Fig. 1͑d͔͒ removed the underlying Si and separated parts of the GaN ribbons from the mother substrate. During this strongly alkaline etching step, the PECVD oxide served to protect the Ohmic contacts from degradation. The remaining PECVD oxide, which had been severely roughened by the plasma and wet etching steps, was then removed using a buffered oxide etchant ͑BOE, NH 4 F:HFϭ6:1, 90 s͒ process step. A new smooth, sacrificial 50 nm SiO 2 layer was then deposited on top of the GaN ribbons by electron-beam evaporation. To print the GaN ribbons, the wafer was contacted with a polydimethylsiloxane ͑PDMS, Sylgard 184, Dow Corning͒ slab ͓Fig. 1͑e͔͒ and, upon fast removal from the mother substrate, a complete transfer of the s-GaN to the PDMS was obtained. 8 This "inked" slab was then laminated against a poly͑ethyleneterepthalate͒ ͑PET͒ sheet ͑100 m in thickness, Glafix Plastics͒ coated with 10 m polyurethane ͑PU, Norland optical adhesive, No. 73͒ ͓Fig. 1͑f͔͒ and an UV light ͑home built ozone active mercury lamp, 173 W cm −2 , 7 min͒ used to cure the PU from both the top and bottom sides of the sample ͓Fig. 1͑g͔͒. Peeling back the PDMS transferred the s-GaN elements to the plastic substrate. The transfer leaves a PU residue on top of the GaN ribbons which is removed when the electron-beam-deposited SiO 2 layer ͓evaporated in the step of Fig. 1͑e͔͒ is stripped with BOE for 30 s. The final step of the process involved the formation of source/drain interconnections and Schottky gate metal contacts ͑Ni/ Au͒, as deposited by e-beam evaporation and patterned using a negative photoresist lift-off process ͓AZ nLOF2020, Kwik AZ stripper for 5 h, Fig. 1͑h͔͒ . 15 To maintain the original position of the freestanding s-GaN after removing the underlying Si, we adopted the geometries of GaN as shown in Fig. 1͑d͒ . Each s-GaN ribbon had two narrow bridges ͓i.e., two breaking points as indicated by the arrows of Fig. 1͑d͔͒ at its ends to facilitate a registered transfer to the PDMS printing tool ͓Fig. 1͑e͔͒. This architecture represents a significant improvement over the "peanut" design reported previously. 9 The peanut design requires a strict optimization of the etching time; the current "narrow bridge" design is far less sensitive to this process variable. To illustrate this latter point, Figs. 2͑a͒ and 2͑b͒ show optical images of the GaN wafer taken before and after the TMAH anisotropic etching step, respectively. The different colors of the freestanding and supported GaN microstructures are easily distinguishable in these images. Figures 2͑c͒  and 2͑d͒ show scanning electron microscopy ͑SEM͒ micro- Fig. 2͑b͒ illustrate the highly anisotropic nature of this Si etching process, one in which the etching propagates most rapidly in a direction perpendicular to the orientation of the GaN ribbon. In this particular system, the preferential etching occurs along the ͑110͒ direction; the Si ͑111͒ surfaces served as etch blocking masks. 22 Figure 2͑e͒ shows a SEM image of an inked PDMS slab where the s-GaN was transferred with retention of its onwafer registration and alignment. Figure 2͑f͒ shows a SEM micrograph of the printed structures where, in the final step, the s-GaN heterostructure devices were transferred to the PU-coated PET substrate. These images demonstrate that transfers based on the narrow bridge s-GaN motif do not damage the ribbons themselves. Figure 3͑a͒ presents the schematic geometry of a HEMT device supported on plastic substrate. Figure 3͑b͒ shows representative optical images of s-GaN-based HEMTs after their transfer to the PET substrate. In this geometry, the channel is formed between the two Ohmic contacts ͑Ti/ Al/ Mo/ Au͒ and the transport is controlled by the Schottky ͑Ni/ Au͒ gate contact. The channel length, the channel width, and the gate width of the devices shown in Fig. 3͑b͒ are 20, 170, and 5 m, respectively. Figure 3͑c͒ shows drain current-voltage ͑I-V͒ characteristics measured FIG. 3 . ͑Color͒ High performance s-GaN HEMTs supported on a plastic substrate. ͑a͒ HEMT geometry for integration on plastic substrate. Twodimensional electron gas ͑2DEG͒ formed the AlGaN / GaN interface. ͑b͒ Optical micrographs of the s-GaN devices. ͑c͒ I-V curves of s-GaN HEMTs at a range of gate voltages ͑V g =−4 to 1 V͒; the channel length length, channel width, and gate width of the device are 20, 170, and 5 m, respectively. ͑d͒ Transfer characteristics of the GaN HEMT devices measured on a bulk wafer and after transfer to a plastic substrate, measured at a constant source-drain voltage ͑V ds =2 V͒. The inset shows the full distribution of device transconductances measured for a printed HEMT array at a drain-source bias V d =2 V.
FIG. 4. ͑Color͒ ͑a͒
Transfer curves obtained at different bending radii ͑and their corresponding strains͒. ͑b͒ I-V curves obtained when the plastic sheet was bent at maximum bending radius ͑orange͒ and flattened after bending cycles ͑blue͒.
for a typical plastic-supported device; the gate was biased from −3 to 1 V in steps of 1 V. The specific device exhibited a maximum drain current of ϳ5 mA at a gate bias of 1 V and drain bias of 5 V. Figure 3͑d͒ shows the transfer characteristics of GaN HEMT devices of two types: a reference device fabricated on a bulk wafer and a representative HEMT supported on plastic, each measured at a constant drain voltage ͑V d =2 V͒. The characteristics of an average device on PET ͑indicated as a blue solid line͒ exhibited threshold voltage ͑V th ͒ of −2.4 V, an on/off ratio of 10 3 , and a transconductance of 1.6 mS. The HEMTs on the bulk wafer ͑ones with the same device geometry but prior to transfer͒ had a transconductance of 2.8 mS ͑as indicated by the red dashed line͒. The transfer process appears to lead to a reduction in this value of about 40% and a shift in the curve of about −0.5 V. We believe that this is mainly caused by HF induced degradation of the Ohmic metal contact, which likely can be improved by more careful process optimization. The inset of Fig. 3͑d͒ shows a histogram plot of transconductances ͑g m ͒ measured for a number of different devices ͑evaluated at V d =2 V͒. These results are normalized to the number of ribbons ͑n͒ transferred to each device element of the array; we evaluated specific cases where n was varied between 1 and 11. The plot reveals values of g m peaked at almost 0.2, with a modestly asymmetric distribution of this device parameter around that mean.
The mechanical flexibility of the devices was investigated using a bending stage, as shown in Fig. 4͑a͒ . Figure  4͑b͒ shows a series of transfer curves measured as a function of bending radius ͑and its corresponding strain͒. For bending radii down to 1.1 cm ͑corresponding to surface strains calculated using models for this geometry of ϳ0.5%͒, 13 we observed very stable responses in the measured transconductance, threshold voltage, and on/off ratios. Figure 4͑c͒ shows a sequence of current-voltage ͑I-V͒ curves measured at both the positions of maximum strain and after its release. The small differences seen between three I-V curves of Figs. 3͑c͒ and 4͑c͒ suggest that the s-GaN HEMT devices were not damaged by the bending cycles.
In summary, this letter describes a process suitable for printing high performance GaN HEMTs in flexible forms on plastic substrates. We further demonstrate an efficient geometry of s-Sc that facilitates transfer printing and strategies for removing sacrificial layers by anisotropic wet etching. These results suggest that s-GaN technology could provide interesting opportunities for developing next generation macroelectronic circuits suitable for use in high performance mobile computing and high speed communication systems. 
